The plant viruses alfalfa mosaic virus (AMV) and brome mosaic virus (BMV) each divide their genetic information among three RNAs while tobacco mosaic virus (TMV) contains a single genomic RNA. Amino acid sequence comparisons suggest that the single proteins encoded by AMV RNA 1 and BMV RNA 1 and by AMV RNA 2 and BMV RNA 2 are related to the NH2-terminal two-thirds and the COOH-terminal one-third, respectively, of the largest protein encoded by TMV. Separating these two domains in the TMV RNA sequence is an amber termination codon, whose partial suppression allows translation of the downstream domain. Many of the residues that the TMV read-through domain and the segmented plant viruses have in common are also conserved in a read-through domain found in the nonstructural polyprotein of the animal alphaviruses Sindbis and Middelburg. We suggest that, despite substantial differences in gene organization and expression, all of these viruses use related proteins for common functions in RNA replication. Reassortment of functional modules of coding and regulatory sequence from preexisting viral or cellular sources, perhaps via RNA recombination, may be an important mechanism in RNA virus evolution.
ABSTRACT
The plant viruses alfalfa mosaic virus (AMV) and brome mosaic virus (BMV) each divide their genetic information among three RNAs while tobacco mosaic virus (TMV) contains a single genomic RNA. Amino acid sequence comparisons suggest that the single proteins encoded by AMV RNA 1 and BMV RNA 1 and by AMV RNA 2 and BMV RNA 2 are related to the NH2-terminal two-thirds and the COOH-terminal one-third, respectively, of the largest protein encoded by TMV. Separating these two domains in the TMV RNA sequence is an amber termination codon, whose partial suppression allows translation of the downstream domain. Many of the residues that the TMV read-through domain and the segmented plant viruses have in common are also conserved in a read-through domain found in the nonstructural polyprotein of the animal alphaviruses Sindbis and Middelburg. We suggest that, despite substantial differences in gene organization and expression, all of these viruses use related proteins for common functions in RNA replication. Reassortment of functional modules of coding and regulatory sequence from preexisting viral or cellular sources, perhaps via RNA recombination, may be an important mechanism in RNA virus evolution.
Viruses with single-stranded RNA genomes that infect higher eukaryotic hosts form a diverse group displaying wide variation in genomic organization (reviewed in ref. 1) . The genome of tobacco mosaic virus (TMV), for example, is a single RNA molecule of 6.4 kilobases (kb) (ref. 2 ; reviewed in ref. 3) . It encodes at least four proteins in three open reading frames. That nearest the 5' end contains an in-phase amber termination codon that is partly suppressed during translation in vitro or in vivo to give two products, the larger (known from its molecular weight as p183) being a readthrough extension of the smaller (p126). The template for translation of both of these proteins is the genomic RNA, the two remaining genes being expressed via subgenomic RNAs.
The genomes of alfalfa mosaic virus (AMV) and brome mosaic virus (BMV), in contrast, each consist of three RNA segments, termed RNAs 1, 2, and 3 in order of decreasing size (ref. 4-8; reviewed in ref. 9) . The two larger RNAs of each virus are monocistronic. The smallest is dicistronic, with the 3' proximal gene in both cases encoding the coat protein that is translated from a subgenomic mRNA. Although both viruses require all three RNAs for infection, AMV, unlike BMV, also requires either coat protein or the subgenomic mRNA for coat. Conversely, all three BMV RNAs, unlike the AMV RNAs, are aminoacylatable with tyrosine. In this respect, the BMV RNAs resemble TMV RNA (which accepts either histidine or valine according to the strain). Each virus has a different morphology, TMV being rod-shaped, AMV bacilliform, and BMV icosahedral.
All three viruses are thus clearly distinguished by conventional criteria. Nevertheless, we show in this paper that the amino acid sequences of the proteins encoded by AMV RNA 1 and BMV RNA 1 are strikingly similar both to each other and to that of TMV p126. Furthermore, the proteins encoded by AMV RNA 2 and BMV RNA 2 are also similar to each other and to the COOH-terminal read-through domain in TMV protein p183. We suggest that despite different strategies of viral gene expression, these proteins are related in function, and perhaps origin. We also show that one of these two groups of related proteins has a counterpart in a protein expressed by translational read-through and proteolytic processing that is encoded by the animal alphaviruses Sindbis and Middelburg (ref. 10 ; reviewed in ref. 11). We discuss these relationships and their possible implications.
MATERIALS AND METHODS
Initial homology searches were made with the matrix comparison program DIAGON (12) run on a VAX 11/780 computer. Detailed alignments were made by using the interactive facility of DIAGON and with the objective alignment programs BESTFIT and GAPOUT (13) .
RESULTS AND DISCUSSION
Homologous Nonstructural Proteins in Three Plant Viruses. The recently determined nucleotide sequences of the AMV (4-6), BMV (7, 8) , and TMV (2) genomes, together with earlier in vitro and in vivo viral translation studies, suggest that each virus encodes four major proteins. For brevity, we will refer to the products of AMV RNAs 1 and 2 and of BMV RNAs 1 and 2 as Al and A2 and as B1 and B2, respectively, and to the products of each dicistronic RNA 3 as A3 and B3 (products of the 5' proximal genes) and A4 and B4 (the coat proteins), respectively. Similarly, we will refer to the TMV open reading frames in their 5' to 3' order along the RNA as Ti (p126), T2 (the remainder of the first open reading frame downstream of the amber stop codon of p126, which forms the COOH terminus of the read-through product p183), T3, and T4 (the coat protein).
The amino acid sequences of these proteins predicted from the genomic RNA sequences were compared by using the computer program DIAGON. For these comparisons the program recorded as dots on a graph all pairs of 31 residue blocks whose similarity in terms of both identical and related Abbreviations: AMV, alfalfa mosaic virus; BMV, brome mosaic virus; TMV, tobacco mosaic virus; kb, kilobases. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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amino acids exceeded a double matching probability (12) of 10-5, compared to random pairs of 31 residue blocks drawn from pools with the same amino acid composition as the proteins under comparison. Extensive sequence similarities were detected between proteins Al, Bi, and Ti and between proteins A2, B2, and T2 (Fig. 1) . It can be seen from both the diagonal plots and from more detailed alignments (Figs. 2 and 3 ) that the proteins Al, Bi, and Ti share two main regions of related sequence situated within the NH2-terminal and COOH-terminal one-thirds of the proteins, with substantially less homology existing in the middle thirds, where protein Bi is about 130 amino acids shorter than the other two. Proteins A2, B2, and T2 share a main region of related sequence that is in the central to COOH-terminal 400 amino acids of A2 and B2. T2, which is some 300 residues shorter than A2 and B2, apparently lacks sequences corresponding to the NH2-terminal portions of these proteins. Mutants in A2 are known to map in two complementation groups (14) , suggesting the existence of two functional domains. It is possible that only one of these is represented in the TMV genome.
The significance of the observed sequence homology is supported by the conserved arrangement and clustered nature of homologous residues in both groups of proteins. For example, Al residues 836-846, Bi residues 683-693, and 9 of 11 Ti residues 831-841 are identical (positions 932-942 in the alignment shown in Fig. 2 ). Similarly, 13 of 15 A2 residues 528-542, 13 of 15 B2 residues 463-477, and 12 of 15 T2 residues 1404-1418 are identical (positions 284-298 in Fig.  3 ). A2 and B2 have identical amino acids in about 30% of positions, rising to about 40% when conservative substitutions are also counted. These figures are clearly above the background of random resemblances in protein sequences (15) . Al and Bi and both TMV proteins are less closely related overall (20%), but random resemblances would not be expected to cluster in the manner we observe in six independent pairwise comparisons. Accordingly, we suggest that all three representatives of both groups of proteins are structurally related and potentially functionally homologous, although there may be some latitude for specialization due to differences in folding outside the most highly conserved domains.
Comparisons of the sequences of the remaining AMV, BMV, and TMV encoded proteins revealed a limited number of matches significant at the 10-4 level between A3 and B3 and between A4 and B4 that fell on the diagonal, but none of any significance between the others. It is not clear if any of the proteins are related in three-dimensional structure, but have insufficient conservation of primary sequence for their similarity to be apparent, or whether they are completely unrelated. The sequence relationships between the proteins of AMV, BMV, and TMV are shown schematically in Fig. 4 .
Having established which parts of the Al/Bi/Ti and A2/B2/T2 amino acid sequences were strongly conserved by analyzing the plant viral sequences, we searched for related sequences in other viruses. In particular, we examined the sequence of the nonstructural proteins of two alphaviruses, Sindbis virus and Middelburg virus, where an opal termination codon interrupts a long open reading frame (10) . We found that the 616-residue read-through portion of this open reading frame, encoding a protein known as ns72, contained many of the same clusters of conserved residues identified in A2, B2, and T2 and that these were arranged in the same order, giving rise to diagonal lines on a matrix comparison ( Fig. 1 ) and enabling us to align the sequences as shown in Fig. 3 . This is consistent with conservation of functionally important residues within homologous, but distantly related, proteins.
It is intriguing that the potentially homologous T2 and ns72 proteins are both expressed by suppression of translational termination. Exploitation of translational read-through probably does not depend on chance events alone, since there is evidence for specialized natural opal suppressor tRNAs in both cattle and chickens (16, 17) , whereas amber suppression of the T1 terminator may utilize a naturally occurring undermodified form of tyrosine tRNA (18 . control expression of their structural proteins temporally and quantitatively. This is therefore another candidate for a potential common function for a homologous protein.
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Evolutionary Implications. The structural similarities between these proteins may reflect either convergent evolution due to common functions or common origins in preexisting viral or host genes or some combination of these possibilities, which we consider in turn.
General necessities of RNA replication, such as the ability to bind RNA, might account for a degree of resemblance among the enzymes responsible. In particular, one might question whether the homology observed among the three plant viruses and the alphaviruses is due to convergence. Sequence comparisons alone cannot provide a definite answer. However, the demonstration of amino acid sequence homology between a protein encoded by cauliflower mosaic virus and the reverse transcriptases of both retroviruses and hepadnaviruses (24) , and between the replicases of cowpea mosaic virus and picornaviruses (25) , suggests that several groups of plant and animal viruses may use similar proteins in their replication. Since each group uses a distinctive set of proteins to achieve the common end of replicating an RNA template, we suggest that each group of proteins owes its common features to descent from a common ancestor.
The genomes of AMV and BMV, which are similar apart from their 3' termini, clearly evoke a common viral ancestry, but the TMV genome also has many structural motifs in common with the tripartite viruses. Each virus encodes four well-characterized translation products (Fig. 4) , of which the two largest show clearly identifiable amino acid sequence homology. The RNA termini show similarities as already outlined. Possibly, a TMV-like virus could be generated by the fusion of all three RNA segments of a tripartite virus to form a single RNA, providing that control sequences appropriate to the expression of T2 and T3 were generated and that the particle became adapted to carry a larger RNA. Conversely, a segmented virus could be derived from a TMVlike progenitor by fission, provided that the fragments became able to replicate and be encapsidated.
The three plant viruses and the alphaviruses might also have descended from a common viral ancestor whose existence predated the divergence of the plant and animal kingdoms. This would necessitate extraordinary selection pressures at the protein level given the high mutation rate of RNA virus genomes (26, 27 (29) could be followed by recombination at the DNA level. Another distinct possibility is that recombination may occur by some as yet unspecified mechanism at the RNA level. There is genetic and biochemical evidence for RNA recombination in picornaviruses (30) (31) (32) , and it is also implicated in the generation of defective interfering RNAs (DI RNAs) in many viruses, including alphaviruses (33, 34) . Either or both of these mechanisms might modify viral genomes by recombination with cellular genes or be responsible for assembling genes progressively to form the viruses in the first place. The recent discovery of a Sindbis virus DI RNA with a covalently attached cellular tRNA at its 5' end (34) is direct evidence that such genetic exchanges are possible, whatever their mechanism. On a formal basis, the differences in genomic organization of these four viruses can be regarded as permutations of modules of related genetic information and of controlling elements appropriate to their distribution along one or more viral RNAs. Ultimately, all of the modules of information whose reassortment we observe as viruses with different structures may be cellular in origin. In that case, the sequence conservation displayed by the proteins considered here may reflect strong cellular evolutionary conservation, maintained after transduction by residual functional constraints and by the need to interact with the products of other genes that remain in the more slowly evolving host cell.
Note Added in Proof. Examination of the recently published complete Sindbis virus RNA sequence (35) shows that the Sindbis nsP1 and nsP2 proteins are related to the Al/B1/T1 group of proteins shown aligned in Fig. 2 
